The numerical modeling of two-dimensional turbulent flow around a horizontal wallmounted circular cylinder at Reynolds numbers in the range of 1000#Re D #7000 is investigated. AnsysH 10.0-FLOTRAN program package is used to solve the governing equations by finite element method, and the performance of the standard k-e, standard k-v and SST turbulence models are examined. A sensitivity study for the three turbulence models is carried out on eight computational meshes with different densities and structures. The computational velocity fields from the present simulations are compared with the experimental results obtained from particle image velocimetry (PIV) measurements for validation purposes. The point of the boundary layer detachment from the cylinder surface and the lengths of primary and secondary separation regions occurring around the cylinder are determined numerically and compared with those obtained experimentally. From these comparisons it is found that the numerical modeling using either of k-v and SST turbulence models is reasonably successful. Using the results of numerical solutions, the drag and lift coefficients, C d and C l , are also calculated and compared with the measured values.
RÉ SUMÉ
La modélisation numérique de deux dimensions autour d'un écoulement turbulent horizontal mural cylindre circulaire à nombre de Reynolds de l'ordre de 1000 #Re D # Rouge 7000 est investigated. Ansys H 10,0-FLOTRAN programme paquet est utilisé pour résoudre les équations par la méthode des éléments finis, et les performances de la norme k-e, standard k-v SST et les modèles de turbulence sont examinés. Une étude de sensibilité pour les trois modèles de turbulence est réalisée sur huit de calcul des maillages avec des densités différentes et de structures. Les champs de vitesse de calcul de la simulation sont comparés avec les résultats expérimentaux obtenus à partir de Particle Image Velocimetry («PIV») des mesures à des fins de validation. Le point de détachement de la couche limite de la surface du cylindre et la durée de l'enseignement primaire et secondaire, la séparation des régions qui se produisent autour de la
INTRODUCTION
The interaction of flow with circular cylinders on the seabed has been of significant engineering relevance in the design of coastal and offshore structures such as submarine pipelines. When a pipeline is placed on an erodible bed, erosion scour may occur around the pipeline leading to the suspension of the structure. The vortices that form in front of the pipe and in the lee-wake may contribute to the process of the onset of scour [1] . When the scour depth below the pipeline, in other words, the ratio of the distance between wall and downward surface of the cylinder to cylinder diameter reaches a critical value the vortex shedding occurs downstream of the pipe and the structure is subjected to additional fluctuating drag and lift causing a threat to the stability of the structure. In order to protect the pipelines from possible damages caused by such forces it is necessary to have a detailed understanding of the vortical flow structure around a pipeline and to know the parameters that affect the scour mechanism.
Zdravkovich [2] carried out an experimental study on the flow separation from a flat plate induced by a nearby circular cylinder and suggested that upstream and downstream separation regions were attached to the cylinder for the G/D50, where G is the distance between bottom wall and downward surface of the cylinder and D is the diameter of the cylinder. It was also noted that downstream separation region contained two counter-rotating vortices separated by stagnant fluid. No regular vortex shedding was observed for this configuration. However, they reported that in the case of turbulent boundary layer vortex shedding occurred at a gap ratio of G/D50.2. On the other hand vortex shedding was developed in the case of laminar boundary layer at G/D50.3. Lei et al. [3] studied experimentally the dynamic forces and vortex shedding of a smooth circular cylinder immersed horizontally in different locations in the boundary layer. They examined the effects of the bed proximity, the thickness of the boundary layer and the velocity gradient in the boundary layer on the hydrodynamic forces and vortex shedding behavior. The results showed that the drag and lift coefficients are strongly dependent on the gap ratio and are affected by the boundary layer. The results also indicated that the vortex shedding was suppressed at gap ratios in the range of 0.2# G/D # 0.3, depending on the thickness of the boundary layer. In addition, an increase in the gap ratio and the boundary layer thickness resulted in an upward displacement of the stagnation point. Price et al. [4] performed visualization studies on the flow past a circular cylinder placed in the boundary layer on the bottom wall for various gap ratios. It was concluded that; (i) The detachment of the boundary layer takes place both upstream and downstream of the cylinder and regular vortex shedding were not observed for G/D#0.125, (ii) The boundary layer reattached to the surface of the bottom wall both upstream and downstream of the cylinder for G/D$1, and (iii) There was a region of separated flow upstream of the cylinder and a shear layer with strong vorticity sheds from the cylinder surface for the case of G/D50. Qi et al. [5] carried out an experimental study on the flow around a horizontal circular cylinder in the cross-flow of shallow water for Reynolds number based on the cylinder diameter Re D (5u 0 D/n)54997, where u 0 is the freestream velocity and n is the kinematic viscosity of water. The velocity distribution of transient flow field at gap-ratios in the range of 0#G/D# 7 was obtained using the particle image velocimetry (PIV) to analyze the phenomena and rules of the vortex and its generation, development and evolvement at various gap-ratios. It was concluded that; (i) vortex shedding were not observed at G/D50 and G/D57, (ii) vortex shedding occurred in the wake flow zone of the flow around the cylinder in the case of 0.5#G/D #6.0, (iii) Strouhal number for the vortex shedding of the flow around a circular cylinder was independent of magnitude with the gapratios between the circular cylinder and the bottom wall. Faraci et al. [6] performed an experimental investigation on the scour that arises at the base of a vertical cylinder placed in an erodible sandy bed under the oscillating flow conditions. Their experimental findings showed that the horseshoe vortex evolution was mainly influenced by the Keulegan-Carpenter number KC (5UT/D, U is the maximum value of the undisturbed oscillatory flow velocity at the bottom and T is the wave period), and Reynolds number based on the boundary layer thickness Re d (5Ud/n, d is the thickness of the bottom boundary layer). The scour caused by the presence of piles was governed by the same parameters. It was also observed that for KC , 6 and Re d ,50, no scour depth was detected; but for KC56 and Re d 550 a scour hole took place. Lei et al. [7] solved two-dimensional Navier-Stokes equations and pressure Poisson equation using a finite difference method to analyze the incompressible viscous shear flow past a circular cylinder. The numerical results indicated that the vortex shedding persisted at shear parameters up to 0.25 for Reynolds numbers from 80 to 1000. The Strouhal number and the drag coefficient decreased as the shear parameter increased for all Reynolds numbers. The ratio of the pressure drag to total drag was found to be dependent on the Reynolds number only. Constantinescu et al. [8] conducted a numerical study on the flow over a sphere for the Reynolds number in the order of 10 4 , where laminar boundary-layer separation occurred at approximately 83 degrees. Some of the main physics and flow parameters predicted from solutions of the unsteady Reynoldsaveraged Navier-Stokes (URANS) equations, large-eddy simulation (LES) and detached-eddy simulation (DES) are compared. URANS predictions are obtained using two-layer k-e, k-v, v 2 {f and Spalart-Allmaras model. It was found that RANS predictions of the streamwise drag were in reasonable agreement with measured values except for k-e model. The pressure and skin friction coefficients along the sphere were adequately predicted by the RANS models. DES and LES results were found to be in better agreement with the measured values in the aft region. Bhattacharyya and Maiti [9] conducted a numerical study on the uniform laminar shear flow past a square cylinder placed near a plane wall. The interaction of wall boundary layer and vortex shedding was investigated for gap ratio, G/H5 0.25 and 0.50, where G is the distance between bottom wall and downward surface cylinder and H is the cylinder height. Their results show that at the gap height half the cylinder height the vortex shedding occurs at a Strouhal number greater than that for an isolated cylinder. Vortex shedding suppression occurs and wake becomes steady up to a certain value of Reynolds number for G/ H5 0.25. Due to the shear, the drag experienced by the cylinder was found to decrease with the reduction of gap height. Mulvany et al. [10] examined the capability of turbulence models available in the commercial CFD code FLUENT 6.0 for their application to hydrofoil turbulent boundary layer separation flow at high Reynolds numbers. The numerical results obtained using the standard k-e model, the realizable k-v model, the standard k-v model and the shearstress-transport (SST) k-v model were compared with the experimental data at chord-based Reynolds numbers of 8.284610 6 and 1.657610 7 . They concluded that the realizable k-e turbulence model used with enhanced wall functions and near-wall modeling techniques consistently provided superior performance in predicting the flow characteristics around the hydrofoil. Liang and Cheng [11] examined the performance of the standard k-e, Wilcox highReynolds-number k-v, Wilcox low Reynolds-number k-v Smagorinsky's subgrid scale (SGS) turbulence model for the flow around a circular cylinder with G/D50.37 at Re D 57000. The computational results for the time-averaged velocity and pressure fields were compared with the experimental results. It was found that the SGS model overestimated the shedding of vortices from the cylinder. The standard k-e and the k-v models predicted the mean velocity field quite well but generally underestimated the velocity and hydrodynamics force oscillations using wall functions on the cylinder surface. It was also found that the k-v models with no-slip boundary condition on the cylinder surface gave better predictions on the shedding of vortices than their counterparts using the wall function boundary condition. Kirkil et al. [12] performed a numerical study on the flow past a circular bridge pier in a shallow channel with fully turbulent flow conditions. They investigated the structure of horseshoe vortex system near the pier base at the beginning of the scour process and of the regions where scour will start developing in the upstream region of the cylinder. The horseshoe vortex system increases the local bed shear stress, turbulent kinetic energy and pressure fluctuation levels near the bed. In the case of movable beds the effect is scouring of bed material away from the horseshoe vortex region. Dayem and Bayomi [13] performed experimental and numerical studies on the flow around a single square cylinder. In the experimental work, the pressure around the cylinder was measured and the pressure coefficient, the corresponding drag coefficient and side force coefficient were estimated. The measured results were verified numerically by the ANSYS code for three Reynolds numbers based on the cylinder height Re H 56.8, 9.5 and 13.5610 4 and a reasonable agreement between numerical and experimental findings were obtained. Ratnam and Vengadesan [14] carried out numerical simulations to elucidate the characteristics of the vortical structures and heat transfer coefficient associated with a cubic obstacle mounted on one wall of the channel. They used the standard k-e, low-Reynolds number k-e, non-linear k-e and improved k-v models to solve the closure problem. Their results showed that the improved k-v model gave overall better predictions of the flow field. The non-linear k-e model provided better results when compared to standard k-e and low Reynolds number k-e models.
The experimental results about the velocity field of the flow around the cylinder are obtained by the PIV technique in the present study. Previous studies are mostly concerned with the flow past a cylinder placed above the bed (G/D.0). On the other hand, the present numerical and experimental studies are carried out for the flow conditions having different ranges of the Reynolds numbers as compared to other studies.
Further studies on the numerical analysis of the flow around a horizontal wall-mounted circular cylinder would be useful to experimentally validate and enhance the reliability of the CFD simulations for different conditions. In the present study, the numerical modeling of 2D turbulent flow around a horizontal wall-mounted circular cylinder at Reynolds numbers in the range of 1000#Re D #7000 is investigated. The commercial computational fluid dynamics (CFD) code ANSYSH-FLOTRAN based on the finite element method is used to solve the governing equations. The three turbulence models evaluated are the standard k-e, standard k-v, and SST turbulence models. Velocity fields computed from these models are compared with the experimental results obtained from PIV measurements. Using the results of numerical solutions, the drag (C d ) and lift (C l ) coefficients were calculated and the effects of Reynolds numbers and computational mesh on the coefficients were investigated.
EXPERIMENTAL SET-UP AND INSTRUMENTATIONS
A schematic view of test model of the cylinder laid on the plane surface is presented in Fig. 1 . Experiments were performed in a large-scale open water channel having a test section length of 8000 mm and a width of 1000 mm. In order to perform the present experimental study, the test section, which has a total height of 750 mm, was filled with water to a level of only 450 mm. The diameter of the cylinder is 30 mm. The test system was made of Plexiglas material to ensure the laser light propagation through the test chamber without interference. The water flow speed was controlled by a radial flow pump with a variable speed controller. In the present test, the freestream velocity was in the range of 33.3#u 0 #233.3 mm/s. The Reynolds number range, Re h (5u 0 D h /n, where D h (54A/P) is the hydraulic diameter, A is the cross sectional area of the channel and P is the wetted perimeter of the cross section) based on the open channel hydraulic diameter of the flow passage was in the range of 31,235#Re h #218,551 and the Reynolds number range, Re D based on the cylinder diameter was in the range of 1000#Re D #7000 [15] .
A technique of high-image-density particle image velocimetry (PIV) is employed in order to characterize the vortical flow structure in regions upstream of the circular cylinder mounted on the bottom wall of the channel horizontally. The detection of spatial structures in unsteady flows is quantitatively not possible with the single point flow measurement techniques. PIV technique presently takes tremendous attention in the application of fluid mechanics because it provides detailed information in unsteady flow phenomena over a certain area of flow field. During the course of the experiments, images of the flow taken over different fields of view are indicated in the schematic of Fig. 1 . Images acquired in each of these fields of view are averaged by using 300 instantaneous images and by splicing them together; it is possible to define this flow structure over a relatively large area of flow field.
A set-up of DANTEC PIV system typically consists of synchronizer, a 120 mJ Nd:Yag laser, doubled-pulsed laser system with a wavelength of 532 nm, a CCD digital camera with a resolution of 102461024 pixels, for image recording a frame grabber with a maximum frame rate of 30 Hz and a DANTEC Flow Manager software. The displacement of the particle images between the two light pulses is determined through evaluation of the PIV recordings. Small tracer particles of 14mm metallic-coated hollow plastic spheres which have a volume density of approximately 1100 kg/m 3 are added into the flow. The tracer particles which are essentially neutrally buoyant move with local velocity between the two illuminations. The output of the CDD camera is stored in the memory of a computer directly. For evaluation, the digital PIV frame is divided into small sub-areas called interrogation windows. The tracer particles of the first and second illuminations are determined for each interrogation area. The projection of the vector of the local velocity into the plane of the light sheet is calculated taking the time delay between the two illuminations and the magnification factor at imaging cross-section into account. The central axis of the camera lens was kept vertical to the laser sheet. The time interval between two pulses was 1.5 ms for all measurements. The thickness of the laser sheet illuminating the measurement plane was approximately 1.5 mm. The effective size of the interrogation window was 32x32 pixels with a 50% overlap resulting 3844 (62x62) velocity vectors over the entire field of view. In each experiment, 300 instantaneous images at 15 Hz frequency were captured, recorded and stored in order to obtain averaged-velocity vectors and other statistical properties of the flow field. To acquire images in side view the laser sheet was oriented perpendicular to the bottom surface of the water channel. Spurious velocity vectors (less than 3%) were removed using the local median-filter technique and replaced by using a bilinear least square fit technique between surrounding vectors. The velocity vector field was also smoothed to avoid dramatic changes in the velocity field using the Gaussian smoothing technique. The vorticity value at each grid point was calculated from the circulation around the eight neighboring points [15] .
GOVERNING EQUATIONS AND TURBULENCE MODELS
Reynolds-averaged continuity and Navier-Stokes equations are used as the governing equations for the two dimensional turbulent incompressible flow around the circular cylinder laid on a plane, which can be written in the following form in the Cartesian coordinate system.
In Eqs. (1)- (3), u and v are the velocity components, and u9 and v9 are turbulent velocity fluctuations in streamwise (x) and transverse (y) directions respectively, g is the body force due to gravity, p is pressure, m is dynamic viscosity, r is fluid density, t is time, {ru' 2 (~t xx ), {ru'v'(~t xy~tyx ), and {rv' 2 (~t yy ) are the mean turbulent stresses. The turbulent stresses in Eqs. (2) and (3) may be obtained from the constitutive equation which is defined by
where n t is the turbulent (eddy) viscosity. In determining n t in Eq. (4), various turbulence models in CFD simulations have so far been used [16, 17] . In the present computations, the standard ke, standard k-v and SST (shear stress transport) turbulence models were used. The standard k-e model is the first and the most widely used model. It has been applied to many flows with varying degrees of success. Unfortunately, it is insensitive to adverse pressure gradients and this causes a serious limitation to its general utility. The model is also extremely difficult to integrate through the viscous sublayer and requires viscous corrections to simply reproduce the law of the wall for an incompressible flat-plate boundary layer [17, 18] . The k-v model is reported to perform notably better in transitional flows and in favorable and adverse pressure-gradient boundary layer flows. Also, without any special viscous corrections, the model can be easily integrated through the viscous sublayer. The only weakness of the k-v model appears to be its sensitivity to freestream boundary conditions for free shear flows [17, 18] . The shear stress transport model (SST) turbulence model combines advantages of both the standard k-e model and the k-v model. To overcome the deficiencies of both models, SST model uses a blending function for gradual transition from the standard k-v model near the wall to a high Reynolds number version of the k-e model in the outer portion of the boundary layer [19] .
Standard k-e turbulence model
This model expresses the turbulent viscosity in terms of turbulent kinetic energy, k, and its dissipation rate, e, as follows [20] 
In Eq. (5), C m is the turbulence constant that has a value of 0.09. The following two transport partial differential equations are solved for the values of k and e respectively:
Where G, which represents the generation of turbulent kinetic energy, is defined by:
and C 1 51.44, C 2 51.92, s k 51.0 and s e 51.3.
Standard k-v turbulence model
One of the two-equation turbulence models is called the standard (or high-Reynolds number) k-v model presented by Wilcox [18] in which the turbulent viscosity, n t , is calculated as
In Eq. (9), v is called specific dissipation rate which represents the turbulence dissipation per unit turbulence kinetic energy and defined by
In this model a second transport equation is needed for the calculation of v:
in which s v 52.0 and c 1 50.553 b 1 50.075
SST (shear stress transport) model Menter [21] presented a shear stress transport turbulence model which combines the advantages of both the standard k-e model and k-v model, and it includes the solution of the kv model at the wall and k-e in the bulk flow. Menter defined a blending function, F 1 , which ensures smooth transition between the k-v model in the near-wall regions and k-e away from the walls. The SST model coefficients (Q) are calculated as functions of F 1 by
where Q 1 and Q 2 represent the model coefficient of k-v and k-e model, respectively. The function F 1 is designed to be one in the near-wall region and zero away from the wall. In this way, the blending takes place in the wake region of the boundary layer and the SST model coefficients in Eq. (12) reduce to the k-v and k-e model coefficients in their respective regions.
NUMERICAL METHOD AND COMPUTATIONAL DOMAIN 4.1. Numerical Method
The numerical solution of the governing equations in Eqs. (1)- (3) for the velocity and pressure field was obtained using ANSYSH-FLOTRAN. In the finite element discretization, the conservation forms (i.e. the transport equations) of Eqs. (1)- (3) were used. The general transport equation of a transferable fluid property w defined per unit mass, in a unit control volume reads
In Eq. (9),Ṽ V is the velocity vector, C w is the generalized diffusion coefficient and S w is the generalized source term. The fluid property w in Eq. (9) takes value of 1 andṼ V for the conservation of mass and conservation of momentum equation, respectively. In order to obtain time-step independent solutions, several numerical test computations were made to determine the value of time step, Dt, that was small enough such that reducing it any further did not alter the results significantly. After the test computations, a time step of Dt50.005 s was chosen for all the computations. The numerical results with Dt50.005 s became stable within a time period of 30 to 35 s. The CPU time required for the establishment of the stable solutions was highly dependent on the mesh topology. The minimum and maximum CPU times were about 3667.2 s and 26894.0 s on a computer having a processor speed of 2.16 GHz and 2.00 GB RAM for coarse (Mesh 1) and finest mesh (Mesh 8), respectively.
Computational Domain and Boundary Conditions
The geometric size of the computational domain and the boundary conditions used for all the numerical simulations are shown in Fig. 2 . No-slip boundary condition was invoked by specifying the velocity components to be zero at the fluid-wall and fluid-cylinder interfaces. That is, at the lower boundary which coincides with the flat plate and on the cylinder surface, the velocity components in x and y directions were taken as u5v50. The computational domain extended to 50D and 16D from the upstream and downstream of the cylinder surface, respectively. The water depth was taken to be 15 times the cylinder diameter which is equal to the one measured in the experiments. At the inlet boundary, the vertical distribution of the horizontal velocity components were assumed uniform u5u 0 and the vertical velocity as v50. The uniform horizontal velocity components employed in the computations, which were determined from the measured velocity distributions, were u 0 533, 100, 166.7 and 233.3 mm/s for Re D 51000, 3000, 5000 and 7000, respectively. The upper boundary is represented by the free surface of the flow where p50. At the outflow boundary p50 was used. The inlet kinetic energy is specified as
where ININ is turbulent inlet intensity, which is the ratio of the fluctuating velocity to inlet velocity. The value of the factor ININ is taken as 0.01, corresponding to a level of turbulence of 1 percent at the inlet. The inlet value of the kinetic energy dissipation rate e is calculated from:
where INSF is the inlet scale factor defined as the ratio of a length scale inlet region to the hydraulic diameter of the inlet and L is the turbulent length scale. The value of the factor INSF is taken as 0.01 in the computations.
Near Wall Treatment
There are two approaches for modeling the near wall region: namely, wall function and twolayer approach. In the wall function approach, the viscosity-affected region (viscous sublayer and buffer layer) are not solved and a semi-empirical function called wall function was used to bridge the viscosity-affected region between the wall and fully turbulent region. The application of wall functions may significantly reduce both the processing and storage requirements of a numerical model. In most practical calculations today, wall functions are still used. The application of the wall functions leads (provided the grid is not too coarse) to reasonably accurate results for attached boundary layers. However, the use of wall functions becomes highly questionable for separated flows [22] .
In two-layer approach, the turbulence models are modified to resolve the viscosity-affected region (i.e. the viscous sublayer and the buffer layer) by extremely fine grids and no slip conditions are applied. Two-layer approach was used to solve the problem in the present simulations with the mixing length modification scheme presented by Van Driest [23] to account for viscous effects near the wall Van Driest, based on the experimental data, proposed that the mixing length, ,5ky, should be multiplied by a damping function:
where y + (5v * y/n) is the dimensionless distance, and the Ká rmá n's constant k50.4 and the constant A526. Van Driest modification given by Eq. (12) improves the predictive accuracy by asymptotic description of the mixing length in the limit yR0 [17] . Using Eq. (12), the behaviors of the mixing length and the turbulence stress are described as ,,y 2 and t' xy ,y 2 respectively as yR0.
Computational Meshing
Eight different structured meshes with four-node quadrilateral elements were used in the computational domain. Considering the characteristics of the flow within the solution domain, relatively finer meshes were used near the cylinder surface and the plane wall (Fig.3) . The properties of the eight meshes used in the present study are listed in Table 1 . For the mesh 1-4, the mesh distributions are almost uniform in all directions, namely the spacing ratio indicating nominal ratio of last division size to first division size is equal to one. In Mesh 5-8, compressed meshes with different spacing ratios toward the solid boundaries (the plane wall and the cylinder surface) were used to reduce the dimensions of cells near the cylinder surface and near the wall. The dimensions of the cells in radial direction on the cylinder surface and in vertical direction on the plane wall are given in the fifth and sixth columns of Table 1 . The maximum value of the y + (5v * y/n)<30 (v * (5(t 0 /r) 1/2 ) is also shown in the last column of Table 1 for the mesh structures used in the present study. Based on the experimental evidence obtained so far it is generally accepted that very near the wall from no-slip at the wall to about y + <30, turbulence is damped out and the boundary layer is dominated by viscous shear [16, 24] . It can be seen from the Table 1 that Mesh 4-8 achieve the values of y+ remaining within 30.
Mesh independence was ensured by comparing the velocity distributions of numerical and experimental results at the sections of x/D5¡1.0 upstream and downstream of the cylinder using the SST model at Reynolds number Re D 55000. Quantitative evaluation of these comparisons obtained using the root mean square error (RMSE) criterion is given in Table 2 . RMSE is defined as in which u m n and u p n are the measured and predicted horizontal velocities respectively, and N is the total number of data on the respective verticals. The results in Table 2 show that the lowest values of RMSE are calculated as 0.0058 and 0.0120 on Mesh 8 for x/D5 21.0 and x/D5+1.0, respectively. The values of RMSE found on Mesh 7 are not much different from the values obtained on Mesh 8. That means the velocity predictions on Mesh 7 may be assumed almost equal to those obtained on Mesh 8. However, in the following sections, the Mesh 8 was used as computational mesh to analyze numerically the velocity field and the flow structure around the cylinder.
COMPARISON OF NUMERICAL AND EXPERIMENTAL RESULTS
In this section, the time-averaged computational velocity fields obtained using the standard k-e, standard k-v and SST turbulence models are compared with those obtained from the experiments for the Reynolds number based on the cylinder diameter in the range of 1000#Re D #7000. The calculated force coefficients for all Reynolds numbers, with eight different meshes, are presented and compared with the experimental results of Cokgor and Avci [25] . The sensitivity of the turbulence models to different computational mesh structures used for the numerical simulations on Mesh 1-8 is discussed.
Comparison of computed and measured velocity field around the cylinder
The calculated time-averaged horizontal velocity component, u, at different locations, x/D, of the flow upstream and downstream of the cylinder with the experimental results for Mesh 8 is shown in Fig. 427 . Compared with the experimental data, it seems that k-v and SST turbulence models provide better predictions of horizontal velocity component than k-e model for 1000#Re D #7000. In the upstream region, the numerical results agree quite well with the experimental results. However, the discrepancies between the computed and measured velocities become more distinct along the shear layer in the downstream of the cylinder. In this region, k-e turbulence model shows poorer correlation to experimental data than the other models. However, the general distribution of the computed horizontal velocity component looked similar to that obtained from the experimental results. The negative horizontal velocity components in the separation regions upstream and downstream of the cylinder are clearly seen from the predicted velocity distributions in the figures. The negative velocity component increases as it moves downstream for all Reynolds numbers similar to experimentally-observed ones. The velocity gradients appearing in the shear layer separating from the cylinder surface increase with increasing Re D for the computed and measured velocity field. Time-averaged velocity vector distributions indicate that a flow with high magnitude of velocity vectors occurs along the shear layer. It can also be seen from the computed and measured distributions that the thickness of the transverse spatial extent of wake region decreases as Reynolds number decreases. Fig. 8 shows a comparison between the computed and experimental values for streamline patterns at Reynolds number Re D 55000. The initial point of separation with a half-nodal point of separation, Ss, appears for all turbulence models at Re D 55000 and between a half-nodal point of separation, Ss and forward face of the cylinder a well defined focus F occurs. It can be seen from the first columns of the figure that the length of the upstream separation region for k-e turbulence model is shorter than those predicted by k-v and SST turbulence models. The relatively shorter size of the upstream region from the k-e model can be explained by the fact that, in comparison to the other two, the k-e turbulence model has difficulties to describe satisfactory results for separated flow and it does not predict the onset of separation accurately [21] . As may be seen from Table 3 , which gives the lengths of the primary upstream separation regions predicted by k-e, k-v and SST turbulence models, this situation is also the case for all Reynolds numbers. The k-e model gives very similar flow patterns (almost identical location of reattachment upstream of the cylinder) for all Re D and the length of the predicted separation region remains almost constant with increasing Re D . On the other hand, the computed timeaveraged streamlines of the flow using the k-v and SST turbulence models are very similar to each other. The starting point of separation for both turbulence models is closer to the cylinder as Reynolds number increases similar to the results of experiments. As the size of the upstream separation region is quite large for Re D 51000, the starting point is off field of view of the PIV measurements.
Using the k-e model, Brors [26] obtained the length of the upstream region as 0.77D for the flow around a surface-mounted circular cylinder for Re D 51.5610
4 . Hatipoglu and Avci [27] found that the experimental and numerical length of the primary upstream separation for the flow around a circular cylinder on a plane wall as 1.0D and 1.3D, respectively for Reynolds number Re526700.
Because of the unsteady characteristic of the flow in the separation zone the point of the boundary layer detachment from the cylinder surface changes with the time. However, using the time-averaged flow data it is possible to define an approximate time-averaged separation zone. In the second column of the Fig. 8 superposition of the computed time-averaged velocity vectors and corresponding patterns of streamline in the upper region of the cylinder with experimental results are presented for Re D 55000. As may be seen from the figure, the separation point on the cylinder surface predicted by the k-e model is further on the rear of the cylinder compared to the ones obtained from the k-v and SST models. This can be attributed to the insensitivity to adverse pressure gradients. This results in smaller wake region and thus drag coefficient. The separation points on the cylinder surface obtained from k-v and SST turbulence models agree reasonably well with the experimental ones for the Re D 55000. While the measured value of time-averaged separation angle of the boundary layer on the cylinder surface is 98u for Re D 55000, it is determined numerically to be 118u, 102u and 103u for k-e, k-v and SST models, respectively. For all Reynolds numbers used in this study, the locations of the separation point on the cylinder surface are shown in Table 4 . It is clearly seen that the calculated location of the separation points using the standard k-e model remains almost constant and is not a function of Reynolds number. The separation angles using the standard k-v and SST model decreases as the Reynolds number increases for 1000 # Re D #3000. When the Reynolds number is increased from 5000 to 7000, the separation angles obtained from the standard k-v and SST turbulence models increase unexpectedly from 102u to 108u and 103u to 109u, respectively. On the other hand, the measured values of the time-averaged separation angle of the boundary layer on the cylinder surface are absolutely constant at 98u degrees for 3000 #Re D # 7000. The experimental point of the boundary layer detachment on the cylinder surface moves further downstream for Re D 51000. Hiwada et al. [28] found the separation angle of the boundary layer on the circular cylinder laid on a plane as 80u for Re D 52610
4 . Sumer and Fredsoe [29] , in their experiments at Re D 56000, found the upper separation angle and lower separation angle as 80u and 2110u for G/D50.1, respectively. Tutar and Holdo [30] obtained numerically the time-averaged separation angles as 83u and 103u for the LES method and RNG non linear k-e model respectively for Re51.4610 5 in the sub-critical flow regime. Wu et al. [31] found numerically the separation angles as 130u and 134u for the recirculation flow of Re523 and 30, respectively.
For the flow structure of k-v and SST turbulence models, the vortical flow structures in the near wake of the cylinder are similar to each other. As may be seen from the time-averaged streamline patterns in the last column of Fig. 8 , the point of the boundary layer detachment for k-e is closer to the cylinder and, therefore, the lengths of the secondary downstream separation region of the cylinder are smaller than those of the other models. The points of the secondary downstream separation are predicted to be approximately x50.2D, 1.1D and 1.1D for k-e, k-v and SST models, respectively, while its experimental value is 1.2D. It is clearly seen that the numerical results predicted by k-v and SST models are in better agreement with the experimental data than the results obtained from k-e for Re D 55000. The numerical and experimental results are also included for other Reynolds numbers in Table 5 . As may be seen from the table, the numerical values for the standard k-e model remain almost constant for all Re D . The lengths of the secondary downstream separation regions from the numerical results using the standard k-v and SST turbulence models are found to be equal to each other for all Reynolds number used in the present study and the lengths of the secondary downstream separation regions using the standard k-v and SST models decrease when the Reynolds number increases from 3000 to 7000. While the detachment of the boundary layer does not take place in the near wake region under this experimental condition for the case of Re D 51000, the lengths of the secondary downstream separation regions are measured as 1.1D, 1.2D and 0.73D for Re D 53000, 5000 and 7000, respectively. It may be said from the experimental and numerical results of k-v and SST that as the Reynolds number increases the point of boundary layer detachment, Ss, in the near wake region of the cylinder moves towards the cylinder. Hatipoglu and Avci [27] have numerically obtained the length of the secondary downstream separation region for the flow around a cylinder mounted on a plane as 1.1D at Reynolds number Re52.6610 4 . Fig. 9 shows the computed and experimental streamline patterns in the wake region of the cylinder for Reynolds number Re D 55000. As may be seen from the figure, the lengths of the wake region predicted by using the k-e, k-v and SST models are 6.2D, 9.4D and 9.4D for Re D 55000, respectively. The experimental value of that quantity was measured as 9.6D. The standard k-e model underestimates the size of the wake region. The results using the k-v and SST turbulence model show good agreement with the experimental data for Re D 55000. Also, the lengths of the primary downstream separation region for other case of Re D are given in Table 6 . It is clearly seen from the table that the computational results predicted by k-v and SST turbulence models are similar to each other and agree reasonably well with the experimental data except for the flow cases of Re D 57000. As the Reynolds number is increased to the value of Re D 57000 the lengths of the wake region predicted by using the k-v and SST dramatically decreases while the experimental size of the primary separation region increases. The results for k-e model do not show as good agreement with the experimental data as those for k-v and SST cases and the standard k-e model significantly under predicts the lengths of the primary downstream separation regions for all Reynolds numbers. Except for the case of Re D 57000, the computed lengths of the primary downstream separation region increase with increasing Re D similar to the experimental data.
The experimental topology of the streamlines for Re D 51000 was markedly different. Half noddle-point occurs at approximately x/D58.2 for Re D 51000; however no separation point is observed at this Reynolds number. Jensen [32] found that the length of the primary separation region for the case of the flow around a cylinder mounted a wall as 6D for Re D 5 7000. Solberg [33] obtained numerically the length of the downstream separation region as 9D for the flow around a surface mounted circular cylinder. According to experimental studies, Brors [26] reported that the length of the downstream separation regions were in the 8D-10D interval. Hatipoglu and Avci [27] found that the experimental and numerical length of the primary downstream separation for the flow around a circular cylinder lay on a plane wall as 6.7D and 8.9D respectively.
Isovorticity contour lines calculated from the predicted time-averaged velocity data for the Reynolds number Re D 51000 and Re D 55000 are shown in Fig. 10 and Fig. 11 , respectively. The z component of the vorticity of the two-dimensional flow field in xy plane is;
in which u and v are the horizontal and vertical velocity components in x and y directions, respectively. The local vorticities in xy plane were determined as the differential circulation per unit area using a finite difference scheme. Positive vorticity (counterclockwise) and negative vorticity (clockwise) layers are presented by solid lines and dashed lines, respectively. A cluster of the vorticity is situated in close region of the bed surface, cylinder junction region and along the shear layer in most cases similar to the experimental data. Shedding vortices arise from the shoulder of the cylinder interface with shear layers emerging upstream of the cylinder which provokes the shearing phenomenon. On the other hand, the positive vorticity take place in the backward shoulder and the behind of the cylinder. From the isovorticity contour lines obtained using the measured and calculated time-averaged velocity vector field for the Reynolds number in the range of 1000#Re D #7000, it is concluded that ; (i) The strength of the negative and positive vorticity alters as a function of Reynolds number, (ii) The thickness of the shear layer separated from the cylinder, in which the velocity gradient in vertical direction is high, increases as the Reynolds number increases, and (iii) A decrease in the transverse spatial extent of near-wake region occurs with an increase in the Reynolds number. 
Force coefficients
In order to investigate the dependence of different turbulence models on the computational mesh, the drag and lift coefficients for the forces acting on the cylinder were calculated. The drag and lift force coefficients, C d and C l , are
where the drag and lift forces, F d and F l , per unit length on the cylinder are in which p is the pressure and t 0 is the shear stress on the cylinder surface, and h is the position angle from the horizontal axis of the cylinder measured in clockwise direction. The predicted mean drag and lift force coefficients, C C d and C C l , for all the simulations are given in Fig. 12 . It is seen that both C C d and C C l values for the three turbulence models remain almost unchanged beginning from Mesh 6 at the Reynolds numbers used in the present study. In other words, the drag and lift coefficients do not change with the mesh refinement after it reaches a certain level. The values of predicted mean drag and lift coefficients on the Mesh 8 for all Reynolds numbers are given in Table 7 .
It is clearly seen that the values for C C d and C C l obtained from k-v and SST are very close to each other. The C C d values for k-e are smaller than those obtained from k-v and SST models due to relatively high base pressure behind the cylinder. The magnitude of the base pressure is related to the location of the separation points and the size of the wake region behind the cylinder. As the separation point shifts downstream of the cylinder, the base pressure increases. Increasing base pressure causes a reduction in the drag coefficient. Therefore, the drag coefficients for k-e are smaller than those obtained using k-v and SST turbulence models. As may be seen from table, the mean lift coefficients, C C l obtained from k-e model are higher than those obtained from k-v and SST. It is probably due to the fact that the stagnation point obtained from k-e model is closer to the wall compared to the stagnation points obtained from other two turbulence models. In this study, no experimental data were collected for the determination of force coefficients. However, the present numerical results for the force coefficients can be compared with the experimental findings of Cokgor and Avci [25] . They performed experimental study on hydrodynamic forces acting pipelines and obtained the mean values of the drag coefficient as 0.84 and 0.70 for Re58000 and 15000, respectively. According to the experimental studies, Zdravkovich [34] reported that the value of drag coefficient was 0.86 for the Reynolds number of 8000. Kalgathi and Sayer [35] found experimentally its value as 0.795 for Re510000. On the other hand, Cokgor and Avci [25] also found the mean lift coefficients as C C l 50.80 and 0.67 for the case of Re58000 and 15000, respectively. It is evident that the values of C C d and C C l predicted with k-v and SST models are in better agreement with the experimental data than the results of obtained from k-e. It may be said from both the numerical and the experimental results that the mean drag and lift coefficients tend to rise with increasing Reynolds number until it reaches a certain value and then they decrease with further increase of the Reynolds number.
CONCLUSIONS
When a pipeline is placed on an erodible bed such as submarine pipelines, erosion scour may occur below the pipe and the suspension of the pipeline takes place. As a result of that, the pipeline becomes unstable and damages may occur on it. The vortical flow structures around the cylinder stimulate the rate of scour mechanisms. Therefore, the determination of the vortical flow characteristics around a circular cylinder is important for engineering design. In this study, 2D turbulent flow around a horizontal wall-mounted circular cylinder was simulated numerically for Reynolds numbers in the range of 1000#Re D #7000. The numerical solutions of the governing equations using k-e, k-v and SST turbulence models are carried out by finite element method. The computational results for streamline patterns, vorticity contours, velocity distributions, and drag and lift force coefficients are compared with those of the experiments to examine the effect of mesh size on the numerical simulations using the three turbulence models.
From the comparisons of the experimental and numerical results, the simulations using k-v and SST turbulence models are found generally more accurate than k-e model. The k-v and SST turbulence models provide better estimations of horizontal velocity component than the k-e model. Both experimental and numerical results indicate that thickness of the shear layer emerging upstream of the cylinder which provokes the shearing phenomenon and the transverse spatial extent of wake region change with the Reynolds number.
The numerical lengths of the primary upstream separation regions using the standard k-v and SST turbulence models decrease as Reynolds number increases similar to the results of experiments. The numerical point of the boundary layer detachment upstream of the cylinder using the standard k-e model remains almost constant and is not a function of Reynolds number. While the calculated location of the separation points on the cylinder surface using the standard k-e model remains almost constant, the separation angles using the standard k-v and SST model decreases as the Reynolds number increases except for the flow case of Re D 57000. The lengths of the secondary downstream separation regions from the numerical results using the standard k-v and SST turbulence models are equal to each other for all Reynolds numbers used in the present study. The lengths of the secondary downstream separation regions using the standard k-v and SST models decrease when the Reynolds number increases from 3000 to 7000. The calculated lengths of the secondary downstream separation regions using the standard k-e model are constant for the Reynolds numbers in the range of 1000#Re D #7000. The standard k-e model underestimates the size of the wake region. The computational results predicted by k-v and SST turbulence models are similar to each other and agree reasonably well with the experimental data except for the flow cases of Re D 57000. In conclusion, it may be said that among the three turbulence models employed in this study, k-v and SST turbulence models predict almost equally accurate results for the separation angle, the lengths of the upstream and downstream separation regions.
Because the k-e turbulence model predicts the location of the separation points on the cylinder surface further downstream, the smaller drag coefficients are obtained from the k-e model compared to the other two models. Besides, the mean lift coefficients obtained from k-e model are higher than those obtained from k-v and SST models. The results for the mean drag and lift force coefficients from the k-v and SST models approach to reasonable values compared to the experimental findings given in the literature 
